BY R. LORENTE DE NO (From the Laboratories of The Rockefeller Institute for Medical Research)
(Received for publication, April 17, 1950) in a recent paper (7) brief mention was made of the following two observations. (a) Sodium-deficient nerve is far more sensitive to the anesthetic action of cocaine than normal nerve. (b) When acting upon sodium-deficient nerve cocaine begins its action by substituting for sodium, thereby restoring to A fibers the ability to conduct impulses. This paper presents a detailed description of the experimental observations.
I

Technique
Since the technique used in this laboratory in work with sodium-deficient nerve has already been described in detail elsewhere (6) , it will be sufficient to give here an outline of the experimental procedures.
In order to allow the fibers to undergo further changes after they had lost their excitability the nerves (sciatic-peroneal) were kept in a large volume of sodium-free medium (0.11 M diethanoldimethylammonium chloride) for 17 to 20 hours; i.e., for several hours after all the nerve fibers had become inexcitable.
During the first 4 hours the sodium-free medium was continuously renewed and stirred. The nerves were finally mounted in humid chambers in a horizontal position resting upon the electrodes of the stimulating and recording circuits. The diagram in Fig. 1 gives the arrangement of the electrodes.
In all cases the exictability of the central half of the nerve up to point m ( Fig. 1) was restored with Ringer's solution; a full hour was allowed for all the nerve fibers to become excitable. After tests had been made of the ability of impulses initiated in the central segment to propagate themselves beyond point m (Fig. 1 ) the peripheral segment ( Fig. 1, m r2 ) was placed in contact with a restoring solution containing a moderate amount of sodium ions (0.015 to 0.025 N). The restoring solutions were prepared by mixing the appropriate amounts of Ringer's solution (approximately 0.1 M sodium chloride) and of the sodium-free solution (0.11 M diethanoldimethylammonium chloride). After the restoration had reached the desired stage cocaine was allowed to act upon the nerve.
In those experiments (Figs. 2 to 4) in which only the anesthetic action of 203
The Journal of General Physiology cocaine was investigated the cocaine solution was applied to a 10 ram. long segment of the nerve between points m and rl (Fig. 1) ; for this purpose two thin strips of filter paper 10 mm. long were placed alongside the nerve and drops of the cocaine solution were deposited at short intervals of time upon the strips and upon the segment of the nerve enclosed between them. In those other experiments (Figs. 5 to 9) in which the restoring action of cocaine was investigated the cocaine solution was applied to the entire m r2 segment ( Fig.  1) , during the 5 second intervals between the sweeps of the oscillograph, by means of a soft brush soaked with the cocaine solution. Thereby care had to be exerted not to leave an excess of the solution on the nerve, because an excess solution causes a decrease in the resistance of the external conductor of the nerve fibers and therefore also in the height of the recorded potential. Since the observations were made with a D.c. amplifier, brushing of the nerve caused dis-20 ram. 20 ram.
t"-@ J3mm. 15 ram.
FIG. i. Arrangement of the electrodes of the stimulating (Pl, P2
) and recording (rl, f~, re) circuits used in experiments oll the effect of cocaine upon sodimn-deficient nerve. Electrodes rl and re were used to record the A spikes and usually also the C spikes; occasionally, the C spikes were recorded with the electrodes rl and/1. The point m has been arbitrarily chosen to divide the sciatic peroneal trunk into a central and a peripheral segment.
placements of the base line of the records (of. for example, Fig. 7 , 1 to 3) which interfered with the measurement of the spike height. The rapidity of the action of cocaine, however, is so great that the observations could not be made at intervals of time of more than 5 seconds and therefore there was no time to readjust the base line until after two or three sweeps had occurred.
In the experiments on conduction blocks (Figs. 2, 3, and 4) the cocaine solutions were prepared by dissolving the appropriate amounts of cocaine hydrochloride in Ringer's solution (Fig. 2 ) or in the restoring solution, 25 parts of Ringer's solution and 7.5 parts of the sodium-free solution (Fig. 3) ; Ringer's solution (Fig. 4) . In the experiments on the ability of cocaine to substitute for sodium the cocaine solutions were sodium-free; they were prepared by dissolving the appropriate amounts of cocaine hydrochloride in 0.11 ~ diethanoldimethylammonium chloride.
Except in the experiment illustrated by Fig. 2 the nerve impulses were initiated by rectangular pulses of current (100 ~,a.), the intensity of the stimulus being adjusted to maximal A or maximal C by changing the duration of the stimulating pulse. The A spikes were always recorded with the second recording electrode (r2) at the end of the nerve; as a rule, the C spikes were also recorded with electrodes rl and r2, but whenever the A negative after-potential interfered with the recording of the C spike electrodes rl and/1 were used.
All the experiments were done with nerves taken from large bullfrogs (R. catesbiana, R. gryllio), for which reason the diameter of the peroneal nerve was approximately 1 mm. The nerves were always kept in air during the experiment.
II
Establishment of a Conduction Block by Cocaine in Untreated Nerve
The experiment illustrated by Fig. 2 was designed with the purpose of demonstrating that cocaine penetrates into the nerve by diffusion through the epineurium and reaches the surface of the nerve fibers with a rapidity which is sufficient to eliminate the possibility that the time of diffusion through the epineurium could be a serious cause of error in ordinary experiment.
The experiment was done with the use of a 0.5 per cent (approximately 0.015 M) solution of cocaine because at this concentration cocaine establishes the conduction block fairly rapidly, while from the results of previous experiments it was known that, when it is allowed to act for 1 hour upon bullfrog sciaticperoneal nerve in air, cocaine does not block conduction by any A fiber unless its concentration be above 0.05 per cent (approximately 0.0015 M) ; as a matter of fact, the 0.1 per cent concentration (about 0.003 M) may be said to be the threshold concentration for anesthesia of A fibers, since at this concentration cocaine requires about 10 to 15 minutes to produce a readily detectable block (considerably less than the block illustrated by Fig. 2, 1 and 3 ) and after 120 minutes an important fraction of the A fibers is still conducting impulses. The B and the C fibers are more sensitive to the action of cocaine than the A fibers (Gasser, 3, with references to earlier literature). For the B and the C fibers 0.05 per cent cocaine may be said to be the threshold concentration.
Records 1 and 2 of Fig. 2 present the A (alpha plus beta plus gamma) spike and the B spikes in the untreated nerve, and records 3 and 4, the spikes that were observed 1 minute (record 3) and 2 minutes (record 4) after the application of 0.5 per cent cocaine to a 10 ram. long segment of the nerve, the upper margin of the treated segment being approximately 10 mm. peripheral to point m (Fig. 1) . As can readily be noted both the A and the B spikes had undergone important decreases in height, which of course indicated that within those intervals of time 0.5 per cent cocaine had been able to establish a block of conduction in a significant number of fibers. In the experiment done 1 hour later with the other nerve of the pair the beginning of the conduction block was determined by following the changes in the height of the B spike. It was observed that after 1 minute of the action of 0.5 per cent cocaine the height of the B spike had decreased by more than one-fourth.
Records 5 to 32 (Fig. 2) illustrate the progressive establishment of the total block. The rapid decrease in the height of the B spike necessitated an increase in the amplification in the interval between records 11 and I2. The B block became total after 34 minutes of the action of cocaine (records 26 and 28), and the A block, after 48 minutes. The action of cocaine upon the resistant fibers, however, became demonstrable at an earlier time in that the speed of conduction became subnormal. A readily detectable lengthening of the shock spike time can be observed by comparing record I with record 9 that was obtained 8 minutes after the application of the cocaine solution to the nerve.
The results of this experiment are sufficient conclusively to rule out the possibility that slow diffusion of cocaine through the epineurium could be the cause of the long delay in the establishment of the total block of conduction. Feng and Liu (2) in confirmation of a conclusion previously reached by Feng and Gerard (1) have stated that the presence of the epineurium on the nerve is the main cause of the slow establishment of the cocaine block, since after the epineurium has been removed cocaine establishes the total conduction block more rapidly. The argument underlying Feng and Gerard's (1) and Feng and Liu's (2) experiments, however, is logically unsound. Feng and Gerard and Feng and Liu attempted to ascertain the effect of the epineurium upon the penetration of cocaine by determining the time at which the conduction block became complete, i.e. by determining the time at which cocaine blocks conduction by the most resistant fibers of the nerve, while the only logical procedure to measure the rate of penetration of cocaine through the epineurium is to determine the time at which cocaine begins to block conduction by the least resistant fibers.
In order to analyze the diffusion problem we will take the results presented in Fig. 2 at their face value. Within 1 minute 0.5 per cent cocaine had blocked conduction by a number of A fibers (cf. records 1 and 3); consequently, the concentration of cocaine inside the epineurium must have become at least 0.1 per cent within less than 1 minute, since 0.1 per cent cocaine is the threshold concentration for the anesthesia of A fibers. Let us assume that the concentration of cocaine inside the epineurium became 0.1 per cent exactly 1 minute after the 0.5 per cent solution of cocaine had been applied to the nerve.
If this were the case,---which as will appear below is not true,--the epineurium would certainly represent a significant obstacle for the penetration of cocaine into the nerve, since the thickness of the epineurium is approximately 40u and consequently the coefficient of diffusion of cocaine in the epineurium would be quite small, 0.048 X 10 ~ cm.2/min. (for details of the method of calculation, cL reference 7, section 4); nevertheless, a simple argument shows that even in such case the presence of the epineurium could not have been the cause of the delay in the establishment of the total conduction block.
We will assume, in agreement with the essence of the argument used by Feng and Gerard (1) and by Feng and Liu (2) , that the rapid establishment of the block in nerves in which the epineurium has been either slit or removed is a proof that diffusion of cocaine through the interfibrillar spaces of the nerve is a rapid process. This being the case we may assume that inside the epineurium diffusion equilibrium prevails at all times during the establishment of the block. It is clear that if the diffusion through the epineurium is slow while the diffusion through the interfibrillar spaces of the nerve is rapid the few molecules of cocaine which can pass across the epineurium per unit time will be so rapidly distributed through the interfibrillar spaces that inside the epineurium the concentration will be practically uniform at all times. Under conditions such as these the analysis of the diffusion problem on the basis of the experimental observations offers no difficulty.
It has been found that 1 minute after 0.5 per cent cocaine is applied to the nerve the concentration of cocaine inside the epineurium becomes 0.1 per cent;
i.e., 20 per cent of the external concentration. The absolute rate of the penetration of cocaine across the epineurium must decrease when the internal concentration increases; the relative rate of penetration, however, must remain constant; that is to say, at the end of each 1 minute period the concentration of cocaine inside the epineurium must have increased by 20 per cent of the difference between the internal and the external concentrations that existed at the beginning of the period.
By means of arithmetical operations so obvious and so simple that they need not be given here in detail, it can easily be found that if 1 minute after the application of the cocaine solution to the nerve the concentration inside the epineurium becomes 20 per cent of the external concentration, it must become 36 per cent after 2 minutes, 59 per cent after 4 minutes, 74 per cent after 6 minutes, 82 per cent after 8 minutes, 90 per cent after ll minutes, and 96 per cent after 15 minutes. Thus it is found that when 0.5 per cent cocaine is placed in contact with the outer surface of the epineurium the concentration inside the epineurium must become 0.41 per cent after 8 minutes, 0.45 per cent after 11 minutes, and 0.48 per cent after 15 minutes. When the effect of 0.4 per cent cocaine is compared with the effect of 0.5 per cent cocaine hardly any difference can be detected and certainly no difference can be detected by the use of present day techniques between 0.48 per cent and 0.5 per cent cocaine. Therefore, since according to the results presented in Fig. 2 the A block does not become complete until after the action of 0.5 per cent cocaine has lasted for 48 minutes, there cannot be the slightest doubt that the long delay in the establishment of the total block is not referable to the presence of the epineurium; the only correct interpretation of the experimental results is this, that nerves contain fibers having different sensitivities to cocaine; the least resistant A fibers are anesthetized within less than 1 minute and the most resistant A fibers after more than 40 minutes.
The results of the experiment illustrated by Fig. 2 have been taken at their face value in order to strengthen the validity of the argument presented above: even when it is assumed that diffusion through the epineurium is a relatively slow process, even then it appears that the presence of the epineurium could not introduce an important error in the interpretation of the experimental results. As a matter of fact, however, the penetration of cocaine across the epineurium is far more rapid than it has been assumed above; it will be shown presently that when the nerve fibers have been sensitized to the action of cocaine the effect of this substance becomes detectable within less than 5 seconds (sic, 5 seconds) after the test solution has been applied to the nerve, and from this fact it follows that the coefficient of diffusion of cocaine in the epineurium cannot be less than 0.44 X 10 -4 cm3/min, which is about ten times greater than the coefficient of diffusion calculated above.
The correct interpretation of the experimental results obtained by Feng and Gerard (1) and by Feng and Liu (2) is not difficult to find. Since the presence of the intact epineurium on the nerve is not the cause of the long delay in the establishment of the total conduction block it must be concluded that to slit the epineurium (Feng and Gerard) and to remove the epineurium (Feng and Liu) are procedures which result in important changes in the properties of the nerve fibers; one of the changes consists in a marked increase in the sensitivity of the nerve fibers to the anesthetic action of cocaine (cf. reference 7).
Ill
Sensilivily of Sodium-Deficient Xerve to the Anesthetic Action of Cocaine
The experiment illustrated by Figs. 3 and 4 can serve as an example of the results that are obtained when 0.5 per cent cocaine is allowed to act upon sodium-deficient nerve. The peripheral segment of the nerve was restored by sodium ions at the concentration 0.025 N after it had been kept in the sodiumfree medium for 17 hours. The restoring solution was allowed to act for 45 minutes, at the end of which time a majority of the A fibers (Fig. 3, 1 ) and all the C fibers (Fig. 3, 2) had recovered their ability to conduct impulses. The cocaine solution was applied to the nerve 30 seconds after record 2 had been obtained. 30 seconds later many C fibers had become unable to conduct impulses, since the C spike in record 3 is considerably smaller than the spike in record 2. The further decrease in the C spike also was very rapid (records 4, 5, 7 to 9); after 2½ minutes of the action of cocaine only a small fraction of the C fibers was able to conduct impulses (record 11); the number of conducting C fibers decreased further during the following 90 seconds (records 13, 14) and the C 45'~ A7. 5
Fro. 3. Establishment of a conduction block by 0.5 per cent cocaine hydrochloride in a nerve that had been rendered inexcitable in a sodium-free medium and had been restored by 0.025 N sodium ions acting for 45 minutes. The C spikes were recorded with electrodes rl and r2, and constant amplification (172 mm. per my.); the A spikes at the indicated amplifications (7.5 and 17 mm. per inv.). The 1000 cycles time line applies to the A spikes, the 60 cycles line to the C spikes. The numbers on the left upper corners of the records indicate the duration of the intervals of time between successive records.
block became practically total (record 15) after 5½ minutes of the action of cocaine. With normal nerve a total C block would not have been observed in less than 25 to 30 minutes, which shows that with sodium-deficient nerve 0.5 per cent cocaine establishes the C block about five to six times faster than with normal nerve. Fig. 3 ). Establishment of a conduction block by 0.5 per cent cocaine hydrochloride after the nerve had been restored by Ringer's solution acting for 51 minutes. The C spikes in records 19 and 21 were recorded with electrodes rl and r2; all the other C spikes with electrodes rl and r'l. The amplification for the C spikes was constant (172 mm. per mv.).
FIG. 4 (continuation of
Also the establishment of the A block of conduction was exceedingly rapid Records 6, iO, and 12 of Fig. 3 present the A spikes that were observed after 1.5, 2.5, and 3.5 minutes of the action of cocaine. A comparison of records 1 and 12 shows that after 3.5 minutes cocaine had blocked conduction in more than two-thirds of the A fibers, and record 16 shows that after 5.5 minutes of the action of cocaine nine-tenths of the A fibers had been blocked. The last tenth of the A fibers was slightly more resistant to cocaine than the already blocked nine-tenths, for which reason the establishment of a total A block required 4 additional minutes (records 17 to 23; note the increase in the amplification). Since with normal nerve a stage of the conduction block comparable to that which is illustrated by record 19 (after 7.5 minutes of the action of cocaine) would not have been reached in less than 40 to 45 minutes, it is clear that with sodium-deficient nerve 0.5 per cent cocaine establishes a conduction block in the most resistant A fibers about six times faster than with normal nerve.
Against the validity of this conclusion the objection might be raised that the increased sensitivity to cocaine instead of being referable to sodium-deficiency was due simply to the fact that the observations were made approximately 18 hours after the excision of the nerve. Evidence that is available shows that the objection would be unjustified.
In the first place to leave a nerve in Ringer's solution for 20 to 24 hours does not result in a marked increase in the sensitivity of the nerve fibers to the anesthetic action of cocaine; even more, a nerve may be strongly depolarized by (sodium-free) 0.11 ~f potassium chloride acting for several hours, thereafter the nerve may be allowed to repolarize itself in Ringer's solution for 24 hours and at the end of this time the nerve fibers will be found to be practically as resistant to the action of cocaine as the fibers of a freshly excised nerve. On the other hand, it can easily be shown that with sodium-deficient nerve the increased sensitivity to cocaine is directly referable to the sodium deficiency.
In the experiment illustrated by While with the sodium-deficient nerve the C block had become practically complete in 5 minutes (Fig. 3, 15) , after treatment of the nerve with Ringer's solution a significant number of C fibers were able to conduct impulses after 5 minutes of the action of cocaine (Fig. 4, 9 ) and a total C block was not observed until the action of cocaine had lasted for 14 minutes (Fig. 4, 19, 21 ).
The increase in the resistance of the A fibers to the action of cocaine was even more marked. With the sodium-deficient nerve approximately nine-tenths of the A fibers had lost their ability to conduct impulses in 5.5 minutes (Fig. 3,   16 ), while after treatment of the nerve with Ringer's solution more than twothirds of the A fibers were able to conduct impulses after 6 minutes of the action of cocaine (Fig. 4, 11) and after 17 minutes of the action of cocaine the height of the A spike (Fig. 4, 23) still was one-fifth of the initial height (Fig.   4, 1) . With the sodium-deficient nerve the A block became total after 10 minutes (Fig. 3, 21 to 23) ; after treatment of the nerve with Ringer's solution the A block became complete after 22 minutes (Fig. 4, 27 ). It should be noted that record 28 (Fig. 4) presents only the electrotonic potential that resulted from the spread of the action potential of impulses reaching the central margin of the block; such an electrotonic spread does not appear in Fig. 3 because the distance between the margin of the block and the first recording electrode was greater; the distance had to be shortened in order to apply the cocaine solution to a new segment of the nerve. Although the increase in the resistance to cocaine produced by Ringer's solution acting for 51 minutes was quite important it was not so great as the increase that would have been observed if Ringer's solution had been allowed to act for a longer period of time. After a nerve has been kept in a sodium-free medium for 17 to 20 hours the recovery in Ringer's solution, i.e. in 0.l M sodium chloride, is so slow that it requires about 90 to 120 minutes for completion. To be sure, all the nerve fibers become able to conduct impulses within 60 minutes, but analysis of the electrotonic potential reveals that the nerve fibers do not regain their functional ability fully in less than 90 to 120 minutes. At the end of this time the resistance of the nerve fibers to the anesthetic action of cocaine becomes practically the same that is observed with freshly excised nerve.
iv
Restoralion of the Excilability of Sodium-Deficient A Fibers by Cocaine
In the experiment illustrated by Fig. 3 the A spike was not observed until after the cocaine solution had acted upon the nerve for 1.5 minutes (Fig. 3,  6 ). For this reason an exceedingly important feature of the action of cocaine was not detected. When the changes in the A spike are followed in a complete manner it is found that when cocaine acts upon sodium-deficient A fibers its action develops in two phases: during the first phase cocaine restores the excitability to a number of those A fibers which have not regained their ability to conduct impulses in the sodium-deficient solution; during the second phase cocaine anesthetizes the nerve fibers. The first phase of the action of cocaine Fig. 3 in reference 8) . Effects of 0.5 per cent cocaine hydrochloride upon a nerve that had been rendered inexcitable in a sodium-free medium and had been restored by 0.03 N sodium ions. begins within less than 5 seconds (sic, 5 seconds) after the cocaine solution has been placed in contact with the nerve.
FIG. 5 (continuation of
In the experiment illustrated by Fig. 5 the peripheral segment of the nerve (Fig. 1, m r2) was kept in the sodium-free medium for 20 hours. The excitability of the peripheral segment was restored by moderate concentrations of sodium ions: 0.02 N acting for 63 minutes and then 0.025 N acting for 17 minutes (cf. reference 8, Fig. 3) . At the time when record 1 of Fig. 4 was obtained the recovery had ceased to progress at an appreciable rate, since the height of the spike had become practically constant. From the height of the spike in Fig.  5 , i it can be estimated that only about one-half of the A fibers had recovered the ability to conduct impulses.
The nerve was being stimulated at 5 second intervals by shocks synchronized with the sweep of the oscillograph. After the response reproduced in Fig. 5, 1 had been seen on the oscillograph's screen the nerve chamber was opened and the peripheral segment of the nerve was brushed with a soft brush soaked with the sodium-free cocaine solution (0.5 per cent), so that the response reproduced in Fig. 5 , 2 occurred probably only 4 seconds after the cocaine solution had come in contact with the nerve. It will be noted that the spike has a greater height in record 2 than in record 1, which shows that cocaine had restored to a certain number of A fibers the ability to conduct impulses. Further increases in the spike height can be observed in records 3 to 5, that were obtained at 5 second intervals. From record 6 on the number of conducting fibers began to decrease (note the elevations produced by those fibers which were conducting at low speeds), but it was not until the cocaine solution had acted for 55 seconds (record 10) that the spike decreased to its initial height (record 1). From then on the height of the spike decreased rapidly, thus indicating that cocaine was producing anesthesia of the A fibers at a very high rate; the A conduction block became complete after 10 minutes of the action of cocaine (records 11 to 27). The C block was established even more rapidly than the A block; record 19
shows that the C block had become complete in less than 5 minutes, in spite of the fact that 0.02 N sodium ions had restored to all the C fibers the ability to conduct impulses 18 minutes before record 1 of Fig. 4 had been obtained   (cf. reference 8, Fig. 3 ).
In order to restore the excitability of sodium-deficient A fibers cocaine hydrochloride need not be present at the 0.5 per cent concentration (approximately 0.015 g); as a matter of fact, the restoring action of cocaine is more readily demonstrable when the concentration is reduced to 0.125 per cent (approximately 0.004 M); undoubtedly because the anesthetic action is decreased. The experiments illustrated by Figs. 6 to 9 were done with the use of 0.125 per cent cocaine hydrochloride.
The peripheral segment of the nerve used to obtain the records reproduced in Fig. 6 was maintained in the sodium-free medium for 18 hours. After the end of this time the segment was placed in contact with a solution containing sodium ions at the concentration 0.015 .',-(15 parts Ringer's solution, 85 parts of the A fibers had recovered the ability to conduct impulses into the peripheral segment of the nerve. Appropriate tests showed that the spike height had reached a practically stationary height, since no readily detectable increase in the spike height was observed throughout intervals of time as long as 1 or 2 minutes.
I ! I __ I' I
At the start of the observations recorded in Fig. 6 the nerve was being stimulated at 5 second intervals; after the response reproduced in record i had been seen on the screen of the oscillograph the peripheral segment of the nerve was brushed with a soft brush soaked in a solution containing sodium ions at the concentration 0.025 N (25 parts Ringer's solution, 75 parts sodium-free solution). As can readily be noted, the following response (record 2) displayed more than twice the height of the initial response (record 1), which shows that within approximately 4 seconds after the concentration of sodium ions outside the epineurium had been increased by 0.01 N, a large number of nerve fibers had recovered the ability to conduct impulses; a further spectacular increase in the spike height occurred during the 5 second interval between the sweeps of records 2 and 3. The increase in the spike height continued to be rapid for the following 3 minutes, but then the spike height again became practically stationary. Record 4 reproduces the spike that was observed at a reduced amplification after the action of 0.025 x sodium ions had lasted for 7 minutes.
The nerve was placed in contact with a sodium-free 0.125 per cent solution of cocaine immediately after the response reproduced in record 4 had been seen on the screen of the oscillograph. The action of cocaine resulted in a spectacular increase in the spike height (records 5 to 8), which began within less than 5 seconds after the cocaine solution had come in contact with the nerve (record 5). After the action of cocaine had lasted for 20 seconds the spike height began to decrease (records 9 to 14), but it was not until after 1 minute of the action of cocaine that the spike height (record 15) had decreased to its initial value (record 4). Thereafter the anesthetic action of cocaine progressed rapidly (records 15 to 31), the conduction block approaching completion after 13 minutes (record 31).
The nerve was then repeatedly washed with a solution containing sodium ions at the concentration 0.02 N (20 parts Ringer's solution, 80 parts sodiumfree solution). One full hour was allowed for the recovery from the anesthesia. Since the solution contained only a moderate amount of sodium ions a number of those fibers which had been previously restored by 0.025 x sodium ions again became inexcitable (cf. reference 8), for which reason the height of the spike in record 1 of Fig. 7 is less than one-half the height of the spike in record 4 of Fig. 6 (note the different amplifications used) .
At the time when record 1 of Fig. 7 was obtained the height of the A spike had become constant. The cocaine solution was again applied to the nerve in the interval between the sweeps of records 1 and 2, and again within less than 5 seconds after the cocaine solution had been placed outside the epineurium, the action of cocaine resulted in a spectacular increase in the number of conducting fibers; the increase continued for the following 10 seconds (records 3 and 4); then, the spike height decreased (records 5 to 9), the initial height being reached 40 seconds after the application of the solution (of. records I and 9).
The establishment of the conduction block was slightly more rapid than in the case of Fig. 6 , since the block was approaching completion after 8 minutes of the action of cocaine (Fig. 7, 25) .
The experiments described thus far lead to the conclusion that cocaine can substitute for sodium and restore the excitability of A fibers; since in all the experiments, however, the restoration of the nerve had been initiated by a small concentration of sodium ions the question must remain unanswered whether cocaine can effect both the early and the late steps of the restoration or only the late steps. Unfortunately, no procedure has been found that could be expected to yield an answer to the question. After a nerve has been deprived of sodium for 15 hours or more the recovery of excitability which is effected even by 0.1 N sodium ions is a slow process, to the extent that no A fiber recovers the excitability in less than 8 to 10 minutes, and with smaller concentrations of sodium ions the recovery may not begin in less than 1 hour. Consequently, it could hardly be expected that cocaine at concentrations about 0.004 to 0.015 N would restore the excitability of nerve fibers if it should be directly applied to sodium-free nerve; indeed, it should be expected that the anesthetic action would develop before the nerve fibers had regained the ability to conduct impulses. 1 The experiment has not been done because it seemed hopeless to try to restore the excitability of sodium-free nerve directly with cocaine. Instead, experiments have been done in which the restoration was initiated by the minimal concentration of sodium ions which is effective in restoring the excitability of a few fibers of nerve in an advanced stage of the effect of lack of sodium.
In the experiment illustrated by Fig. 8 , the excitability of the peripheral segment of the nerve was restored by means of a solution containing sodium ions at the concentration 0.015 i (15 parts Ringer's solution, 85 parts sodiumfree solution), which was allowed to act upon the nerve for 89 minutes before the observations recorded in Fig. 8 were made. Owing to the relatively high amplification that was being used the records reproduced in Fig. 8 present, preceding the spike of the conducted impulses, a small deflection that was referable to electrotonic spread of the action potential of the impulses blocked at point m (cf . Fig. 1) ; as can readily be noted, this electrotonic potential remained constant throughout the experiment.
The records of the series 1 to 5 which were obtained at 15 second intervals show that the height of the conducted spike had become constant, at least for intervals of time as long as 1 minute. Immediately after the response reproduced in record 5 had been seen on the screen of the oscillograph the nerve 1The following experiment proved that the presence of sodium ions is not necessary for the development of the anesthetic action of cocaine. A nerve was rendered inexcitable in a sodium-free medium, and after 20 hours of lack of sodium the excitability of the Et fibers was restored by 0.11 5{ tetraethylammonium chloride acting for 30 minutes; 0.125 per cent cocaine produced a total conduction block in 5 minutes.
was placed in contact with the sodium-free cocaine solution. (The artifacts that appear in record 6 preceding the shock deflection were produced by the Fro. 8. Effects of 0.125 per cent cocaine hydrochloride upon a nerve that had been rendered inexcitable in a sodium-free medium and had been partially restored by sodium ions at the concentration 0.015 x acting for 89 minutes.
removal of the brush that was being used to apply the cocaine solution to the nerve.) As has been regularly observed in the numerous experiments of this kind that have been done, the number of conducting fibers increased within less than 5 seconds after the cocaine solution had been placed in contact with the outer surface of the epineurium (record 6) ; the number of conducting fibers continued to increase throughout the following 50 seconds (records 7 to 14); thereafter the number of conducting fibers decreased (records 15 to 24), the initial spike height being reached after the action of cocaine had lasted fqr 2 minutes (record 24). The decrease in the spike height was referable to the development of the anesthetic action of cocaine; to be sure, when nerve trunks that have been restored by a moderate amount of sodium ions are placed in FIG. 9. Effect of 0.125 per cent cocaine hydrochloride upon the C fibers of a nerve that had been rendered inexcitable in a sodium-free medium and had been partially restored by sodium ions at the concentration 0.015 N acting for 50 minutes.
contact with a sodium-free medium, the nerve fibers lose again their excitability very rapidly (cf. reference 8), but by far not as rapidly as in the present instance (Fig. 8, 15 to 24).
The experiment illustrated by Fig. 8 does not answer the question whether or not cocaine can effect the initial steps of the restoration of nerve deprived of sodium; the experiment leaves no doubt, however, that cocaine can restore the ability to conduct impulses to fibers that have been prepared by a very moderate concentration of sodium ions.
Decisive evidence has not been obtained that cocaine can restore the ability to conduct impulses to sodium-deficient C fibers, which might have been due to the difficulties that are encountered in work with C fibers. The observation, however, has been repeatedly made that with C fibers the anesthetic action of cocaine begins after a latency, the duration of which corresponds to the duration of the restoring phase that is observed with A fibers. Fig. 9 presents an illustration of this situation.
The observations were begun after the peripheral segment of the sodiumfree nerve (m r2, Fig. 1 ) had been in contact for 50 minutes with a solution containing sodium ions at the concentration 0.015 X (15 parts Ringer's solution, 85 parts sodium-free solution). The nerve was placed in contact with the sodium-free cocaine solution (0.12,5 per cent) immediately after the response reproduced in record 1 had been seen on the screen of the oscillograph. No readily detectable change in the height of the C spike was observed during the first 20 or 25 seconds of the action of cocaine (records 2 to 6), but thereafter the height of the C spike decreased so rapidly (records 7 to 11) that after 1 minute of the action of cocaine (record 11) less than one-half of the originally conducting fibers were able to transmit impulses across the treated segment.
The rapid decrease in the spike height continued (records 11 to 13) with the result that the C block became virtually complete after the action of cocaine had lasted for only 3 minutes.
V DISCUSSION
The question as to whether or not the epineurium is an effective diffusion barrier for cocaine is definitively settled by the experiments reported in this paper. Since within less than 5 seconds (sic, 5 seconds) after an approximately 0.004 M solution of cocaine hydrochloride has been placed in contact with the nerve cocaine is able to restore the excitability to a number of A fibers (Figs. 5 to 8) it is obvious that the epineurium is not a diffusion barrier for cocaine; on the contrary, the diffusion of cocaine (and of sodium ions, Fig. 6, 1 to 3 ) through the epineurium is a rapid process.
As has been explained elsewhere (7) the results presented in Figs. 5 to 8 make it possible to evaluate minimal values for the diffusion constant of cocaine in the epineurium. If the very moderate assumption is made that the restoring action of cocaine developed instantaneously when the concentration of cocaine inside the epineurium became one-tenth of the external concentration (about 0.0004 ~-) it appears that the diffusion constant of cocaine in the epineurium is 0.44 X 10 -4 cm.2/min, and if the more reasonable assumption is made that the restoring action of cocaine developed instantaneously when the concentration of cocaine inside the epineurium became 0.001 N, then the diffusion constant of cocaine in the epineurium appears to be 1.22 X 10 .4 cm.2/min. Even if the smaller of these two values is taken to be correct the epineurium could not offer a significant resistance to the diffusion of cocaine. Indeed, as has been shown in section I, even when the coefficient of diffusion of cocaine in the epineurium is supposed to be as small as 0.048 X 10 -~ cm3/min., even then it appears that the presence of the epineurium could not introduce a significant error in the interpretation of experimental results obtained with normal nerve.
The rapidity with which cocaine produces total block in sodium-deficient nerves (Figs. 3 and 5 to 9 ) leaves no doubt that cocaine also diffuses rapidly through the interstitial spaces of the nerve trunk. The data presented in this paper are not sufficient for an evaluation of the diffusion constant of cocaine in the interstitial spaces of the nerve trunk, for the reason that the threshold concentration for the anesthesia of sodium-deficient nerve has not been determined. The evaluation will be made in a future publication (Laporte and Lorente de N6, 5) on the basis of Hill's (4) mathematical study of the problem of diffusion through a cylinder.
If the results of the experiment illustrated by Fig. 2 are reconsidered in the light thrown by the observations presented in Figs. 3 to 9 it becomes obvious that only a small part of the delay in the establishment of the conduction block in the least resistant A fibers (Fig. 2, 3 ) was referable to diffusion of cocaine through the epineurium. An important part of the delay was time required by cocaine, after penetration into the nerve fibers, to establish those changes in the chemical structure of the nerve fibers which result in loss of the ability to conduct impulses.
That cocaine can substitute for sodium and restore the excitability of sodiumdeficient nerve fibers is indeed a remarkable fact. It immediately suggests a working hypothesis, namely that cocaine anesthetizes the nerve fibers through the sodium mechanism; i.e., by interfering with some of those chemical reactions in which, directly or indirectly, the internal sodium takes part. That cocaine at concentrations below the anesthetic concentration produces important changes in the properties of the nerve fibers (a decrease in the speed of conduction and a decrease in the rate of recovery after conduction) may be interpreted in this fashion: cocaine is incorporated into the chemical structure of the nerve fibers, probably by displacing some normal constituent; cocaine then participates in the performance of nerve function, but this performance is no longer normal.
That cocaine shares with quaternary ammonium ions the ability to substitute for sodium is important because cocaine is an amine. In view of this circumstance two possibilities may be considered.
(a) Cocaine and the quaternary ammonium ions of the restoring type substitute for sodium through different mechanisms. Indeed, since it is not known whether or not cocaine can effect the initial steps of the restoration of nerve deprived of sodium, it is permissible to think that cocaine may substitute for sodium only in one particular link of the chain of reactions that take place after sodium ions have penetrated into the nerve fibers and that cocaine can have this action only in nerve pretreated with moderate concentrations of sodium ions. If this were the case the action of cocaine upon sodium-deficient nerve would be comparable to the action of an applied anodal current. During the initial stages of the restoration by sodium, before the nerve fibers have regained the ability to conduct impulses or even the ability to produce unconducted impulses in response to the closure of the cathodal current, an applied anodal current may temporarily restore the excitability of the nerve fibers, with the result that impulses are initiated by the break of the anodal current (cf. reference 6, Fig. 43 ).
(b) Cocaine and the quaternary ammonium ions of the restoring type substitute for sodium through the same mechanism. This second possibility is particularly interesting, since it could exist only if inside the nerve fibers the amino (trivalent) nitrogen of cocaine were changed into quaternary (pentavalent) nitrogen or if the pentavalent nitrogen of quaternary ammonium ions were changed into amino nitrogen by some enzymatic system. That such a mechanism may play an important role in nerve function was suggested as a working hypothesis (reference 6, section 12). To submit this hypothesis to experimental test seems to be a promising line of approach to elementary problems of nerve physiology.
VI
SUMMARY
Cocaine diffuses through the epineurium with remarkable rapidity. The coefficient of diffusion of cocaine in the epineurium cannot be less than 0.44 X 10 -4 cm2/min.; it probably is not less than 1.22 X 10 -4 cm.2/min.
Lack of sodium markedly sensitizes the nerve fibers to the anesthetic action of cocaine.
With sodium-deficient A fibers the action of cocaine develops in two phases. During the first phase cocaine substitutes for sodium and restores to A fibers the ability to conduct impulses; during the second phase cocaine produces anesthesia.
It is suggested that cocaine anesthetizes the nerve fibers through the sodium mechanism; i.e., by interfering with some of those chemical reactions in which, directly or indirectly, the internal sodium takes part. LITERATURE CITED
